The sequence and genomic organization of the human Golf␣ (GNAL) gene were determined. The human GNAL gene was found to contain 12 coding exons, and it spans over 80 kb on chromosome 18p11. 5Ј RACE analysis suggested an additional transcription initiation start site. Sequence analysis of the putative promoter region revealed conserved binding sites for several transcription factors. Sequence analysis of the 3Ј-untranslated region revealed the presence of two Alu sequences and two polyadenylation signals. 3Ј RACE analysis confirmed the functionality of the most downstream poly-a signal. The human GNAL was found to be expressed as a single transcript of about 5.9 kb in the brain. One highly informative dinucleotide repeat was found in intron 5. Additionally, a processed pseudogene for asparagine synthetase was found about 6 kb upstream of the GNAL gene. Knowledge of the sequence and structure of the human GNAL gene provides essential information for further analysis of the GNAL locus at chromosome 18p11 which has been linked to bipolar disorder and schizophrenia. Molecular Psychiatry (2000) 5, 495-501.
Introduction
G proteins are a large family of cytosolic proteins that bind guanine nucleotides and are coupled to transmembrane receptors. They play a crucial role in the transduction of many extracellular signals. [1] [2] [3] [4] [5] [6] The proteins are heterotrimeric and comprised of ␣ subunits of 39-52 kDa, ␤-subunits of 35-36 kDa, and ␥-subunits of 8-10 kDa. Each of the G proteins are coupled to receptors that have seven membrane spanning domains and show considerable amino acid sequence similarity. Signal transduction by the receptors is initiated by ligand binding which stabilizes an alternate conformational form of the receptor and thus transmits information across the cell membrane by activation of the heterotrimeric G protein. Interaction of the G protein with the activated receptor promotes the exchange of GDP for GTP on the ␣ subunit. The GDP/GTP exchange dissociates the ␣-GTP complex from the ␤␥ heterodimer. The free ␣ and ␤␥ subunits each activate target effectors. Such effectors include ion channels and enzymes that generate regulatory molecules or second messengers. Second messengers such as cAMP, in turn, generate intracellular changes including protein phosphorylation, gene transcription, cytoskeleton reorganization, secretion and membrane depolarization. Termination of the signal occurs when the intrinsic GTPase activity of the ␣ subunit hydrolyses the bound GTP to GDP. The ␣-subunit then re-associates with the ␤␥ complex.
Mammals have over 20 different ␣ subunits of G protein. 2 The ␣ subunit of the G protein Golf was originally isolated during a screen of a cDNA library from olfactory tissue of the rat. 7 mRNA from the gene was found in olfactory neuroepithelium but not in six other tissues examined. Also, antisera to the protein was bound primarily to the sensory apparatus and neurons. The protein was found to share extensive amino acid identity with the ␣ subunit of stimulatory G protein G S␣ . 7 In addition, the protein was shown to stimulate adenyl cyclase in a heterologous system. Subsequently, Golf␣ was found to be expressed in the basal ganglia, where it apparently couples dopamine D 1 receptors to adenyl cyclase. 8 In further work, Golf␣ was shown to be expressed in insulinomas as well as in testis, retina, liver, lung and spleen. [9] [10] [11] [12] The results, therefore, suggested that the expression was not specific for olfactory neuroepithelium. Instead, it suggested a role for Golf␣ in a diverse population of cells in many different tissues. The human GNAL gene is located on the short arm of chromosome 18 13 in a region that has been linked to bipolar disorder and/or schizophrenia. [14] [15] [16] [17] [18] Here we have isolated 15 cosmid clones for the human GNAL gene, determined the structure of the gene, its expression in human brain, and defined the transcription initiation site and functional polyadenylation site by 5Ј RACE and 3Ј RACE, respectively. The results indicate the gene has 12 exons and is over 80 kb in length primarily because of the large sizes of introns 4 and 5. These results provide essential information for further studies of the GNAL locus and its putative role in the etiology of bipolar disorder and schizophrenia.
Materials and methods

Isolation and nucleotide sequencing of the gene
The human GNAL gene was isolated from a chromosome 18-specific cosmid library (Lawrence Livermore National Laboratory, Livermore, CA, USA) with cDNA probes covering the entire coding sequence. The cDNA clones were kindly provided by Zigman et al. 9 Nucleotide sequencing was carried out either with the cosmid clones or with subclones in a plasmid vector (pT7 Blue, Novagen Inc, Madison, WI, USA) as templates or directly from PCR products (Sequenase PCR Product Sequencing Kit, US Biochemical Corp, Cleveland, OH, USA). The nucleotide sequencing was performed with the dideoxynucleotide method 19 and modified T7 DNA polymerase (Sequenase 2.0, US Biochemical Corp). Additional nucleotide sequencing was carried out by cycle sequencing of cosmid clones (dsDNA Cycle Sequencing System, Gibco BRL, Rockville, MD, USA). Analysis of the nucleotide sequences was carried out with the Wisconsin Sequence Analysis Package (GCG) 3Ј RACE 3Ј RACE analysis was used to define the functional polyadenylation signals in the gene. About 1 g of total human brain RNA, provided by Brain Bank at St Elizabeth Hospital, NIMH, was reverse transcribed (GeneAmp RNA PCR kit, Perkin Elmer Corp, Foster City, CA, USA) using random hexamers. In the first PCR reactions the single-stranded cDNA was amplified with an oligo(dT) primer linked to a random sequence 5Ј-TAC TGA GCA GCG AAT TCT ACG TCG C(T) 20 and forward primers designed to hybridize to the 3Ј-end of the gene, ie JE5-F (5Ј-CGA TGA AGG CGT GAA GGC ATG, in exon 5), JE9-F (GCT ACA ACA TGG TGA TTC G, in exon 9), LN6 (5Ј-GCA GTA TGA GCT CTT GT, in exon 12), 14-F (5Ј-TGC AAA ATG TGT CCT GTC TA, nt 605-624 beyond the stop codon), 14-F2 (5Ј-AGT TAT ACA CGT TAA TCA TC, nt 959-978), 14-F3 (5Ј-ACT TTG GAC ACA GGC TAC GT, nt 1213-1232), 14-F5 (5Ј-ACG TGT CAA TGT TTG TGT C, nt 1575-1593), 14-F8 (5Ј-CCC TTG CAC TGT CAA AGT, nt 2160-2177), 14-F12 (5Ј-TTA CAT ACT GTA CAG ATG, nt 3043-3060, 14-F13 (5Ј-TCC ACT TGA TTC TAA CAT, nt 3247-3264), 14-F14 (5Ј-TGA ACA CCG CAG TCT TAG, nt 3552-3569), 14-F15 (5Ј-TCC ATA ACA GAG ATT CAG, nt 3808-3825), 14-F16 (5Ј-AAT GTT AGG GAT TAC TCC, nt 4025-4042), and 14-F19 (5Ј-AAC CAG GCG CGG CTG GAG, nt 4658-4674). The second round amplifications were performed with a reverse primer that was identical to the random sequence at the 5Ј-end of the oligo(dT) primer and to the above nested forward primers, and the additional primer 14-F19C (5Ј-TCT GAG ATA CTG TGA AAG CC, nt 5202-5221). The first PCR was in a volume of 50 l with 10 pmol of reverse primer and 10 pmol of forward primer at 94.5°C for 60 s, 53°C for 60 s, and 72°C for 90 s for 40 cycles. About 1 l of 50 l was taken for a second amplification with 10 pmol of reverse primer and 10 pmol of nested forward primer in a final volume of 50 l. The conditions were 94.5°C for 60 s, 53°C for 60 s, and 72°C for 60 s for 35 cycles. The products of the second PCR were analyzed on agarose gels and by direct sequencing (Sequenase PCR Product Sequencing Kit, US Biochemical Corp).
5Ј RACE
For 5Ј RACE analysis, pooled adapter-ligated cDNAs from human brain were used as a template (MarathonReady cDNA Kit, Clontech, Palo Alto, CA, USA). The first PCR was performed with a forward primer AP-1 (Marathon-Ready cDNA Kit, Clontech) designed to hybridize to the adapter sequence and a reverse primer JE4-R (5Ј-GTA TTA TAG TAC TCA TTG CTG, in exon 4) complementary to part of exon 4. For the second round amplification another nested forward primer AP-2 (Marathon-Ready cDNA Kit, Clontech) and JE1-R (5Ј-TGC TTC TCG ATC TTT TTG TTG G, in exon 1) primer were used. The conditions for the PCRs were essentially the same as in the 3Ј RACE analysis. The products of the second PCR were analyzed by agarose gels and direct sequencing.
Northern analysis
To assay expression of GNAL, commercially supplied filter containing mRNA from different regions of human brain was used (Human Brain Multiple Tissue Northern Blot, Clontech). Each lane on the filter contained about 2 g of polyA-enriched RNA. A PCR-product from the 3Ј-untranslated region (nt 1689-2457 downstream of the translation termination codon) of the GNAL gene was labeled by nick translation (Nick Translation System, Gibco BRL) with ␣ 32 PdCTP. Hybridization and washing of the filter were performed according to the manufacturer's protocol (Clontech). Genbank accession numbers U55180, U55181, U55182, U55183, U55184.
Dinucleotide repeat
Results
Structure of the GNAL gene
To isolate the GNAL gene, a cosmid library specific for chromosome 18 was screened with cDNA probes. 9 In the initial screen with a cDNA for the 3Ј-coding sequences, six cosmids containing the 3Ј end of the Molecular Psychiatry gene were isolated. In a second series of experiments, a cDNA probe for more 5Ј sequences was employed. Eight cosmids were isolated containing the 5Ј end of the gene. The middle region of the gene was obtained as a cosmid that gave weak hybridization signals with the two cDNA probes. The clones spanned over 100 kb and included all coding sequences of the gene ( Figure  1 ). Over 32 kb of the gene were sequenced. The sequences defined twelve exons of the gene and the exon boundaries (Figure 2) . The relatively large size of the gene was explained by the large sizes of introns 4 and 5. Because of their large sizes, these two introns were not completely sequenced here. The exon sizes of the gene were very similar to the related gene G S␣ with the exception that exon 1 was 6 bp longer. Also, GNAL did not contain an exon corresponding to the alternatively spliced exon 3 of the G s␣ gene. 21, 22 The intron sequences analyzed included 22 Alu repeat sequences that were widely distributed in the gene. Two of the Alu repeats were in the 3Ј-untranslated region of the gene.
About 6 kb upstream of the GNAL, a processed pseudogene was found. It had a high degree of identity with a cDNA for the asparagine synthetase gene. [23] [24] [25] About 1 kb from the 5Ј-end of the K clone and about 0.4 kb from the 5Ј-end of the O clone were sequenced (Figure 1 ). The sequences consisted of 600 bp that extended from nt 167 to nt 740 of the asparagine synthetase cDNA 23 followed by an Alu repeat sequence of about 300 bp and then an additional 250 bp extending to nt 989 of the cDNA. If the Alu sequences were excluded, there was 83% identity with the reported sequences of the cDNA for asparagine synthetase. Several stop codons were found in all three reading frames.
Analysis of the 3Ј-untranslated region
Over 5 kb for the 3Ј-untranslated region of the mRNAs were sequenced from the genomic clones A and B (Figure 1 ). The region included two Alu sequences (Figure 3 ). They also defined two polyadenylation sequences of -AATAAA-at about 4.2 and 4.5 kb beyond the termination codon for translation. Also, a third polyadenylation sequence of -ATTAAA-was found at about 2.4 kb beyond the termination codon and located between the two Alu repeats. In addition, over 10 variants of the consensus polyadenylation signal 26 were present (not shown). To confirm that the polyadenylation signals were used, 3ЈRACE assay was performed. The total human RNA isolated from caudate nucleus was reverse transcribed using random hexamers. The cDNA was then amplified with a series of forward primers specific for different regions of the 3Ј-untranslated region ( Figure 3 ) and an oligo(dT) primer that contained a predefined random sequence at its 5Ј-end. The cDNA amplified in the first step was then re-amplified with a nested forward primer and a reverse primer with the random sequence found in the oligo(dT) primer. Apparently because of the poly-A sequences within the Alu repeats of the 3Ј-untranslated regions, most of the PCR products were anomalous. (2), S1 HS (3), gammaFIREFCS (4), GCFFCS (5), AP2 CS6 (6), CAPFSITE (7), SP1 CS2 (8), JCV repeated seq (9); A, published 5Ј-end of the human GNAL cDNA; B, start of transcription as defined by 5Ј RACE carried out here; C, start of transcription as defined by primer extension for the rat mRNA (see Wang et al); 27 upper case letters, coding sequences of the gene.
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However, a product of the expected size was obtained with the two primers that were closest to the most distal polyadenylation signal. Sequencing of the products demonstrated that transcription of GNAL is terminated at the most 3Ј polyadenylation signal in human brain. Thus, the predicted total length of the message is about 5.9 kb.
Analysis of the promoter sequence To identify sequences in the GNAL promoter region that might be involved in regulation of transcription, we sequenced 3 kb DNA upstream from the ATG translation start codon and analyzed the data for conserved sites for the binding transcription factors (MacDNASIS program, Hitachi) at 100% homology between the human sequences and previously published rat sequences. 27 One or more conserved sites were found for nine different transcription factors ( Figure 4) . As was previously reported for the promoter of the rat Gnal gene, 27 the promoter for the human gene did not contain a consensus CCAAT box or a consensus TATA box. The 800 bp of sequences from the human promoter region had about a 75% degree of identity with the rat promoter. Further analyses suggested that the gene had multiple start sites for transcription. A 5Ј RACE assay indicated that the major transcription initiation site in human brain was 100 nt upstream of the translation initiation codon. Assays by RT-PCR suggested that some transcripts extended even further upstream, since a product was obtained with a 5Ј-primer that was located 216 nt upstream of the start of translation. A cDNA previously isolated from a human insulinoma extended 255 nt upstream of the start of translation. 9 Additional analysis of the GNAL promoter sequence was performed by Recognition of Human Poll Promoter Region and Start of Transcription 28 through the WWW (http://dot.imgen.bcm.tmc.edu:9331/seqsearch/gene-search.html). The sequence analysis predicted an additional transcription initiation site at 318 nt upstream of the start of translation.
Northern analysis
Northern blot analysis of the gene demonstrated that GNAL is expressed as a single mRNA of about 6 kb in size in human brain. Highest level of expression was detected in caudate nucleus and amygdala ( Figure 5 ).
Intragenic dinucleotide repeat
Analysis of the genomic sequences revealed dinucleotide repeat located in intron 5). The CA-repeat (gnal) in intron 5 (401 nt from the 3Ј end of the intron) was found to be useful for linkage analysis because at least 11 alleles were present. The heterozygosity was 74%, and the allele frequencies were 106 nt 3%, 108 nt 17%, 110 nt 1%, 112 nt 5%, 114 nt 17%, 116 nt 40%, 118 nt 5%, 120 nt 2%, 122 nt 1%, 124 nt 17%, and 126 nt 3% in 212 chromosomes.
Discussion
We have isolated and determined the sequence and genomic structure of the human GNAL gene. The exon structure is very similar to the gene for the analogous G protein G S␣ 21,22 except that exon 1 is 6 bp longer. Also, the alternatively spliced exon 3 of the G S␣ gene was not found in the GNAL gene by complete sequencing of the corresponding introns. In addition, no alternatively spliced exons were found by RT-PCR (results not shown). The GNAL gene contained a relatively large number of Alu repeat sequences in the introns. The frequency of Alu repeats was 1 per 1.45 kb which may increase chances for genomic rearrangements within the GNAL locus. The average frequency of Alu repeats in the human genome is 1 per 4 kb, 29 but some regions have frequencies of as high as 1 per 1 kb. [30] [31] [32] [33] [34] In addition, two Alu sequences were found in the 3Ј- untranslated region. Alu sequences are found in about 5% of expressed sequences. 35 Together with previously published transcription initiation sites of human 9 and rat Gnal, 27 our 5Ј RACE results suggest that in human brain GNAL has one major transcription initiation site located at −100 nt upstream of the translation initiation codon. As a more sensitive method, RT-PCR revealed that some transcripts extend even further upstream. To identify the cis-acting regulatory sequences that direct GNAL transcription, we compared human and rat promoter sequences. Comparison revealed several highly conserved transcription factor binding sites.
GNAL is expressed in a wide variety of tissues including various areas of brain. In addition to being anosmic, mice homozygous for a null mutation in Gnal exhibit hyperactivity and inadequate maternal behaviors. 36 These results suggest that G protein Golf␣ may, in addition to olfactory functions, have more roles in a diverse population of cells in a variety of tissues. Together with the northern analysis the 3Ј RACE results of mRNA from human caudate nucleus con-firmed that GNAL is expressed in brain outside the areas responsible for olfaction.
Gnal dinucleotide repeat in intron 5 of the GNAL gene on chromosome 18p11 has been linked to schizophrenia in some families. 16 Interestingly, deficient olfactory identification performance has been frequently reported in patients with schizophrenia. 37 Our data provide a fundamental basis for functional analysis of the GNAL promoter and search for mutations in the human GNAL gene in patients with schizophrenia or bipolar disorder.
